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The real and imaginary parts of the K'^d scattering length are extracted from the K'^d mass spectrum obtained 
from the reaction pp~*dK'^ K'^ measured recently at the Cooler Synchrotron COSY at Jiilich. We extract a new 
limit on the K~d scattering length, namely Im a<1.3 fm and |Re a|<1.3 fm. The limit for the imaginary part of 
the K~d scattering length is supported by data on the total K~d cross sections. 
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During the last two decades the physics of the 
low-energy KN and KA interactions has gained 
substantial interest. A well-known iiT- matrix 
analysis ^ of the available K~N data led to the 
conclusion that the real part of the s-wave K~p 
scattering length is repulsive. Re 0;^-^= — 0.7 fm, 
while the real part of the K^n scattering length 
is attractive. Re a;f-„=0.37 fm. In a recent 
KEK experiment the strong interaction shift of 
the kaonic hydrogen atom Is state was found to 
be repulsive (2], corresponding to a negative K~p 
scattering length. The first results for kaonic hy- 
drogen from the DEAR experiment also indicate 
a repulsive shift Pj- However, at the same time 
there are no direct experimental results available 
for the K~n scattering length. From a theoreti- 
cal point of view it is natural to expect that the 
K^ N interaction, averaged over proton and neu- 
tron targets, is attractive. One of the fundamen- 
tal reasons for this expectation is given by the 
leading order term in the chiral expansion for the 
K~N channel which appears to be attractive (in 
contrast to the isoscalar pion-nucleon scattering 
amplitude). In fact it is possible to have a neg- 
ative scattering length Re aji-p for the attrac- 
tive KN interaction if the A(1405) resonance is 



a bound state of KN system |4I5| . Such a pecu- 
liar dynamics of the elementary KN interaction 
implies non-trivial properties of anti-kaons in fi- 
nite nuclei and dense nuclear matter, including 
neutron stars, see e.g. Refs. |6I7I8I9J (and refer- 
ences therein) . A renewed interest in physics with 
low-energy kaons was initiated by substantial 
progress in effective low energy hadronic meth- 
ods, in particular by approaches based on exten- 
sions of chiral perturbation theory, for early re- 
views see Refs. |10I11I12I13) . The coupled chan- 
nel dynamics of the KN interaction based on tree 
level chiral Lagrangians was developed in order to 
describe low-energy scattering data |14I15I16J and 
giving further support to the description of the 
A(1405) as a meson-baryon bound state (a new 
twist on this story was given in Ref. |17| . where 
the two-pole structure of this state was investi- 
gated). However, it was shown recently ^H] that 
a reliable extraction of the elementary KN scat- 
tering length from such type of approach requires 
an explicit matching of the amplitudes generated 
from the coupled channel dynamics to the ones 
given from chiral perturbation theory |19j . This 
matching can even be done in some unphysical re- 
gion of the corresponding Mandelstam plane. If 



this is not done, the calculations result in very 
large K~p and K~n scattering lengths, which 
contradict the experimental results PP and might 
stem from the implicit violation of chiral symme- 
try. Therefore, new and more exact experimental 
results on K^p and K^n scattering are neces- 
sary in order to obtain reliable constraints on the 
K~ N dynamics and to gain a better understand- 
ing of the description of SU(3) chiral symmetry 
breaking. The measurement of the K^d scatter- 
ing length is one of the main goals of the SID- 
DHARTA experiment at DA$NE ^. In P] 
the precise relation between the energy-shift in 
kaonic hydrogen and the appropriate scattering 
lengths combination is worked out. 

In this paper we show that constraints on the 
Kd scattering length can be obtained through 
an analysis of the K^d final-state interaction 
(FSI) in the reaction pp^dK'^ K^ near thresh- 
old measured very recently at COSY [21]. Theo- 
retical analyses of the reaction pp^K'^dK'^ near 
threshold have been performed in Refs. |22l23l24l 
I25l2f)l27j ^ As has been stressed in Ref. [22, the 
NN^dKK reaction should be sensitive to the 
Kd FSI. Thus one can expect that the experi- 
mental results on the pp—>-dK^K^ reaction may 
provide a new way to extract the K'^d scattering 
length. 

In this paper we focus on the potential influ- 
ence of the Kd interaction on the observables for 
the process pp^dK'^K'^. The effect of the KK 
s-wave interaction can be investigated via the in- 
clusion of a Flatte distribution for the ao(980). 
This had a negligible effect on the shape spec- 
tra |5J. A study of a possible interplay of the 
Kd and the KK interaction will be presented in 
a subsequent publication. However, the data is 
compatible with a quite weak Kd interaction only 
and therefore adding the KK interaction is not 
expected to change the picture significantly. 

Near threshold the partial wave structure of 
the final-state for the pp^dK'^K^ reaction can 
be described by the superposition of two configu- 
rations [{K°K+)sd]p and [{K'^K+)pd]s with the 
K'^K^-system in the s- and p-wave, respectively. 
Correspondingly, the deuteron is in a p-wave (or 
s-wave) with respect to the i^^if +-system in the 
first (or second) case. An overall s-wave is for- 
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Figure 1. 
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K'^d mass spectra from the reaction 



pp^tdK^ K^ at rp=2.65 GeV, i.e. an excess en- 
ergy of 46 MeV. The experimental results are 
taken from Ref. [21] . The experimental mass res- 
olution is ~3 MeV. The hatched histogram in- 
dicates the K^d s-wave contribution, dashed- p- 
wave and solid is their sum. 



bidden by selection rules. 

Therefore, if we restrict ourselves to these 
partial waves, the most general spin-averaged 
squared matrix element is given as 



|M(q,k)|2=Co'g2^CoH^2^Ci(p • k)2 
+C2(p • q)2-)-C3(k-q) + C4(p • k)(p • q) (1) 

where p=p/|p| and p is the initial center-of- 
mass (cm.) momentum, k is the final cm. mo- 
mentum of the deuteron, and q is the relative 
cm. momentum of the K^ K'^ -sysieva. Further- 
more, the six real coefficients Ci can be expressed 
through the corresponding partial wave ampli- 
tudes |24I25| . 

In Ref. [2] the parameters Ci where ex- 
tracted from the data at a proton beam energy 
of Tp—2.Qb GeV. The parameters Cq and C2 ac- 
count for the contributions from the KK p-wave, 
Cq and Ci from the KK s-wave and C3 and C4 
stem from s-p interference. 

To analyze the K'^d FSI in the s-wave it is 
necessary to isolate the K^d s-wave contribution 
from the pp~*dK^ K'^ reaction. Therefore we 
should express the matrix element in terms of 



the partial amplitudes in a basis that is differ- 
ent to the one given above, namely in terms of 
[{KOd)sK+]p and [iK'^d)pK+]s states, where the 
K^d-system is in the s- and p-wave, respectively. 
As was proposed in Ref . |2S| the vectors of Eq. |^ 
can be expressed in terms of the cm. momentum 
of the K~^, P, and the relative momcntmn of the 
K^d system, Q, as 

q-Q-aP , k=i ((2 - a)P+Q) , (2) 

where a—md/{md+mg-). The squared ampli- 
tude expressed in the new frame reveals the same 
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\M{Q,P)\^=B^Q^ 



-B^P'- 



Si(P-p)' 



+B2(Q • P)'+S3(P • Q)-I-B4(P • P)(Q • P) ,(3) 

where the Bi coefficients can be expressed in 
terms of the Ci from Eq. Q and 
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~'^)V fc , „2^? a{2-a) 1 
— C„+a C^ -63 



B.J-^C^^+a^Cf-^^lc, . (4) 

Using the results of the fit for Ci from Ref. [21] 
we obtain the following values for the coef- 



ficients B,: B^=0.81, 5^=0.705, Bi=-0.267, 
S2=-0.267, B2=-1A5, ^3=1.41. It follows from 
this that the Kd s-wave contributes 57% to the to- 
tal cross section. Fig.^shows the K^d mass spec- 
tra from the pp^dK'^K^ reaction at the beam 
energy Tp— 2.65 GeV 21,. The histograms show 
our calculations with the parameters Bi given 
above. The hatched histogram shows the K'^d s- 
wave contribution, the dashed line illustrates the 
p-wave contribution, while the solid histogram 
shows the result of our full calculation. We recall 
that in Ref. [21] the parameters Ci were obtained 
from a joint fit to K'^K'^ and K^d mass spectra 
as well as cos(pk), cos(pq) and cos(kq) angular 
distributions. 

Since we isolate the s-wave contribution from 
the K'^d mass spectrum it is now possible to study 
the interaction between the final ^'^-meson and 
the deuteron. Following the standard Watson and 
Migdal theorem 32 33 34 wc include the ESI by 
multiplying the BqP^ and Bi{p ■ P)^ terms by 
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Figure 2. Imaginary part of the K^d and the 
K^p forward scattering amplitudes, respectively, 
as a function of the cms momentum Q. The data 
were obtained from total cross sections using the 
optical theorem. The solid line shows the K- 
matrix solution for K~p s-wave amplitude given 
by Martin Q] . The dashed line shows our extrap- 
olation for K^d amplitude. 

the enhancement factor \l—iQa\~'^, where a is the 
complex scattering length. After that correction 
we refit the experimental K'^d invariant mass dis- 
tribution with two free parameters, namely the 
real and imaginary parts of the K^d scattering 
length, while keeping the K^d s-wave distribu- 
tion fixed. We also checked that the influence of 
this additional energy dependence does not sig- 
nificantly change the other observables given in 
Ref. [23 that went into the fit of the Ci parame- 
ters. 

Before performing the fit, we have to specify 
the boundary conditions for the K'^d scattering 
length a. While there are no experimental con- 
straints on the real part Re a of the K'~'d scatter- 
ing length, it is clear that Im a must be positive 
because of unitarity. Furthermore, a lower bound 
on the imaginary part can be deduced from the 
experimental data on the K~d total cross sec- 
tion (Ttot using the optical theorem for the forward 
scattering amplitude 

Qftot 



Im /(0)= 



An 



a=/(0) Iq^o . 



(5) 
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Figure 3. Real versus imaginary part of the K'^d 
scattering length. The solid contour lines show 
the results of our fit to the pp^dK'^K^ data |23 
for x^+lj X^+2 and x^+3. The solid circles show 
the results from model calculations collected in 
Table 1. 

Fig. [21 shows the imaginary part of the K~d for- 
ward scattering amplitude as a function of the 
cm. momentum Q deduced from the data on 
the K^d total cross section (solid circles). The 
extrapolation below 300 MeV/c by a straight 
dashed line gives Im a~l.l fm. However, one 
might argue whether this momentum indepen- 
dent extrapolation can be considered as being re- 
alistic, since the contribution from the A(1405) 
and S(1385) resonances might be quite strong at 
small Q. 

To investigate that problem we show by the 
open circles in Fig. |21 the imaginary part of the 
K~p forward scattering amplitude. The extrapo- 
lation below 200 MeV/c by the straight line gives 
for the imaginary part of K~p scattering length 
~0.7 fm. This bound for the imaginary part of the 
K~p scattering length agrees with the iiT-matrix 
solution for the K^p s-wave amplitude found 
by Martin jjj. Note that the iiT- matrix solu- 
tion includes the A(1405) and 2(1385) resonances 
and the momentum dependence of /(O) obtained 
from the iiT-matrix is shown by the solid line in 
Fig. 121 Obviously the iiT-matrix result underesti- 
mates the data on the imaginary part of the K~p 



Table 1 

The K~d scattering lengths predicted by differ- 
ent calculations with various elementary K~p and 
K~n scattering lengths. Here, FCA denotes the 
fixed center approximation, while FE stands for 
the calculations by Faddeev equations. All values 
are in fm. 



a{K-N) 


K-d 


Rcf. 


K-p^ -0.66-f iO.67 
Jif-n = 0.264 -fiO.57 


FCA 

-0.78-ha.23 


m 


K-p=-Q.7Q + iQ.n 
if-n = 0.28-hi0.67 


FE 

-1.34 + il.04 


m 


K-p= -0.66 + i0.67 


FCA 

-0.75 + il.l2 


EHl 


K-p= -0.66-f iO.67 
if-n = 0.26 + i0.57 


FE 
-0.85 + il.lO 


m 


if-p = -0.045 -f iO.835 
K-n^QM + iQ.72 


FCA 

-0.014- il. 75 


m 


K-p= -0.045 -h iO.835 


FE 
-0.47 + il.60 


EHl 


if-p= -0.789 + i0.929 
if^n = 0.574 + ^0.619 


FCA 
-1.615 + il.909 


m 


K-p^-im + iQ.Qb 
is:-n==0.54 + i0.53 


FE 
-l.92-hil.58 


m 



forward scattering amplitude at Q>1Q0 MeV/c, 
since this solution does not include all channels 
that are open at high momenta. Based on these 
arguments we finally conclude that a reasonable 
estimate of the lower limit for the imaginary part 
of K'^d scattering length is about 1 fm. Therefore, 
we fit the experimental results |23 for the K^d 
invariant mass spectrum using the lower bound 
Im a>l fm. 

The results of our fit are shown in Fig. O With 
the lower limit Im a>l fm we obtained the to- 
tal x^ — 9.6. The solid lines in Fig. (31 indicate 
the x^+1; X^+2 and x^-l-3 contour fines. Fur- 
thermore, the solid circles show different results 
for K~d scattering length from the calculations 
collected in Table 1. It is important to remark 
that the prediction from Rcf. 28 was based on a 
combined analysis of the experimental results on 
K^d—^NKiT and K^d^N'Sir relative rates and 
spectra and is quite close to our solution. 

Our analysis of the K'^d mass spectra for 
the pp^rdK^ K^ reaction allows one to accept 



some predictions [28129127] for the K^d scatter- 
ing length within the range Im a<1.3 fm and 
|Re a|< — 1.3 fm. The hmit for the imaginary part 
of the K^d scattering length is also strongly sup- 
ported by the data on the total K~d cross sec- 
tion shown in Fig. |5J Note that the model results 
listed in Table 1 have been calculated with dif- 
ferent input parameters for the elementary K~p 
and K~n scattering lengths, also given in Table 1. 
The different input as an elementary K^p and 
K~n scattering lengths largely explains the vari- 
ations in the final results for the K^d scattering 
length. 

As a next step the elementary K^p and K^n 
scattering lengths might be extracted from our re- 
sults obtained from the pp^dK'^ K~^ data apply- 
ing established few-body techniques. In addition 
the possible interplay of the KK interaction and 
the Kd interaction, also the influence of a non- 
vanishing Kd effective range should be studied. 
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